ABSTRACT
INTRODUCTION
Eukaryotic transcription factors are grouped in families classified according to common types of DNA-binding domains (DBDs). Diversity of function is usually held to rely more on other parts of the proteins than on their DBDs since members within a family often recognise the same DNA sequence. This is the case with the Myb family of transcription factors where the three vertebrate members A-, B-and c-Myb share DBDs with closely similar amino acid sequences that all bind the same recognition sequence (1) (2) (3) (4) . In the regions outside their DBDs these proteins are much more divergent contributing to their functional diversity. However, the small differences that exist between their DBDs are conserved between species and could play a role in fine-tuning their function.
The diversity of function of the three vertebrate Myb proteins is to some extent caused by their distinct patterns of expression. The founder member of the family, c-myb, is expressed mainly in immature hematopoietic cells, but also in other immature cell lineages of rapidly proliferating tissues such as hair follicles and gastrointestinal crypt epithelial cells (5) (6) (7) . A-myb is likewise a gene expressed in specific cell types, mainly found in the developing central nervous system, in germinal centre B-lymphocytes, in mammary gland ductal epithelium and in testis (8) (9) (10) . In contrast, the third member, B-myb, is a ubiquitously expressed gene (reviewed in 11, 12) . These patterns of expression are also reflected in the distinct phenotypes observed after myb gene inactivation in mice. The abrogation of fetal liver hematopoiesis in mice with a c-myb null mutation confirmed a vital role for c-Myb in the development of hematopoietic cells (13) . The phenotype of mice with an A-myb null mutation demonstrated a critical role in spermatogenesis and mammary gland development (10) . Finally, homozygous B-myb-deficient mice died at an early stage of development, and blastocyst culture experiments suggested a role for B-Myb in inner cell mass formation (14) .
All three proteins act as transactivators. A-and c-Myb have related transactivation domains, while the same domain in B-Myb shows a minor degree of similarity. Earlier conflicting reports on whether B-Myb is a transactivator or not was probably due to cell type-specific effects as well as to B-Myb being present in a self-repressed conformation (11, 12, 15, 16) . In all three proteins the transactivation capacity is modified by a more C-terminal negative regulatory domain (NRD) (reviewed in 3, 4) . This arrangement of domains allows regulation of the transactivation potential through modification of the NRD. Accordingly, A-and B-Myb have been found to be direct targets for cyclin A/Cdk2 leading to activation of the proteins (reviewed in 11, 12) . Cyclin A does not seem to affect *To whom correspondence should be addressed. Tel: +47 22 85 73 46; Fax: +47 22 85 44 43; Email: o.s.gabrielsen@biokjemi.uio.no c-Myb (17) , while the NRD in c-Myb is targeted by other modifications (18) (19) (20) .
The DBDs of the vertebrate Myb proteins are composed of three imperfect repeats of 52-53 amino acids, each with a characteristic tryptophan-rich signature motif. The R 1 , R 2 and R 3 repeats each contain three α-helices of which the last two form a helix-turn-helix (HTH)-related motif (21) (22) (23) . R 2 plus R 3 (designated R 2 R 3 ) constitutes a minimal DBD sufficient for sequence-specific DNA binding, while R 1 appears to have no specific interactions with DNA (23) , and its role remains to be elucidated (reviewed in 24) . Despite the close similarity between the repeats, they seem to have dynamic differences. While R 1 and R 3 are tightly folded in solution (25, 26) , several lines of evidence suggest that R 2 is less ordered and does not generate a full HTH motif until it interacts with DNA (27) (28) (29) (30) . Evidence for a disordered region in R 2 was reported for chicken and human c-Myb (28) as well as for B-Myb (31,32), but not for mouse c-Myb (26) . However, the latter R 2 was found to exhibit slow conformational exchange fluctuations owing to a cavity in the hydrophobic core of the repeat (33, 34) .
The Myb recognition element (MRE) was identified by several approaches and defined by deduced consensus sequences that are all related to YAACNGHH (35) (36) (37) (38) (39) . This sequence is recognised through the double HTH-related motif using two recognition helices, one in R 2 and one in R 3 , which in the DNA-bound form are closely packed in the major groove (23) . Key residues making direct contacts with bases include K128 (R 2 ), N183 (R 3 ) and K182 (R 3 ). As a result the first half-site, YAAC, is recognised mainly by R 3 and the second half-site, NGHH, is recognised mainly by R 2 (23) . Also, in a functional sense, the MRE seems to be bipartite. While the first half-site is dominant and absolutely required for binding, the loosely defined second half-site is only modulatory and mainly affects the half life of the complex (40) .
The A-and c-Myb DBDs are more closely related to each other than they are to the B-Myb DBD ( Fig. 1) (1,2) . However, A-and B-Myb have been found to bind the same DNA sequence as c-Myb (37, (41) (42) (43) . The residues that in c-Myb have been found to interact directly with exposed bases in the recognition site are all conserved in the three proteins. Sequence recognition is also preserved between members more distantly related than A-, B-and c-Myb. A Myb protein from the slime mould Dictyostelium discoideum was capable of binding to the same DNA sequence as the vertebrate and Drosophila Myb proteins (44) .
The DBD in a transcription factor obviously has its main function in recognising a specific DNA sequence, but many DBDs have turned out to have additional functions. Hence, the simplistic view of DBDs as plain DNA attachment tools has gradually been replaced by a more complex picture of DBDs as multifunctional domains. Several lines of evidence suggest that the Myb-family DBDs serve functions beyond sequencespecific DNA binding. The DBD of AMV v-Myb has the same recognition specificity as c-Myb, but still contains point mutations that are important for the ability of v-Myb to transform cells (45) . Additional capacities of Myb-family DBDs include protein-protein interaction functions, where both inter-and intramolecular interactions have been reported for the c-Myb DBD (reviewed in 46). This DBD is also a regulatory domain modified by phosphorylation and responsible for its redox sensitivity. Both protein kinase CK2 and cAMP-dependent protein kinase (PKA) have been found to phosphorylate the c-Myb DBD. CK2 phosphorylates S11 and S12 leading to inhibition of DNA binding (47, 48) . As for redox regulation, the invariant C130 (49) has been shown to be highly sensitive to oxidative conditions, turning specific DNA binding off by controlling the DNA-induced conformational change in R 2 (27) . This sensitivity is altered in the oncogenic v-Myb protein (50, 51) . With respect to modifications of the DBD and functions beyond DNA binding, limited information is available for A-and B-Myb. In the present work we have performed a comparative study to investigate whether the highly similar DBDs of A-, B-and c-Myb are identical in a functional sense and whether small differences could play a differential role in fine-tuning their function. Our results show that the latter is indeed the case. Detailed studies of DNA binding revealed that A-and c-Myb have very similar DNA-binding properties. In contrast, B-Myb interacts with DNA in a different fashion forming complexes of significantly lower stability both in vitro and in vivo, as well as having a lower tolerance to MRE sequence variations. The three DBDs also behaved differently as substrates for protein kinases. All three were phosphorylated by CK2, while only c-Myb was phosphorylated by PKA despite the fact that very similar PKA sites were predicted in A-and c-Myb. The redox sensitivity of A-Myb was comparable to c-Myb, whereas B-Myb was much more sensitive to oxidative conditions than the other two proteins.
MATERIALS AND METHODS

Expression and purification of Myb proteins
All three DBDs from human A-, B-and c-Myb were expressed in Escherichia coli [strain BL21 (DE3) LysS] using the T7 system (52) . The soluble N-terminal regions expressed spanned the DBD of the three proteins and included residues 1-187 for A-Myb, 1-183 for B-Myb and 1-192 for c-Myb. These domains were designated NR 123 (N-terminal + repeats 1, 2 and 3) to be distinguished from minimal DBD proteins designated R 2 R 3 (repeats 2 and 3). Recombinant E.coli was grown at 37°C to an optical density of 0.6-0.9 and then induced by addition of isopropyl-β-D-thiogalactopyranoside (IPTG; final concentration 0.4 mM). The cells were harvested after 2 h of induction, washed once in cold TEN buffer (10 mM Tris-HCl, 1 mM EDTA and 100 mM NaCl), and resuspended on ice in buffer A [20 mM Tris-HCl pH 8.0, 1 mM EDTA, 10% glycerol and 1 mM dithiothreitol (DTT)] containing 500 mM NaCl. Phenylmethylsulfonyl fluoride (PMSF; 1 mM) and Triton X-100 (0.1%) was added to the suspension on ice. After lysis (5-10 min), the viscous suspension was centrifuged at 40 000 r.p.m. for 2 h in a TFT 65.13 rotor at 4°C. The nonviscous part of the supernatant was collected, diluted with 1 vol buffer A and the overexpressed protein was purified on a heparin-Sepharose (Amersham Pharmacia) affinity column using a 250-1500 mM NaCl gradient in buffer A containing 0.01% Triton X-100 and 0.1 mM PMSF. Peak fractions were pooled, diluted with 1 vol buffer A and further purified on an SP Sepharose Fast Flow (Amersham Pharmacia) ion exchange column using a 150-1500 mM NaCl gradient in buffer A supplemented as above. Typical protein yields from a 500 ml culture were 3-6 mg with a purity >95%.
Electrophoretic mobility shift assay (EMSA)
DNA binding was monitored by EMSA (53) . Protein-DNA complexes were formed in 20 mM Tris-HCl pH 8.0, 0.1 mM EDTA, 10% glycerol, 0.1 mM DTT, 0.005% Triton X-100 and 50 mM NaCl (53) . In the redox experiments, DTT was omitted. The following duplex oligonucleotides were used: MRE-mim1A, 5′-GCATTATAACGGTTTTTT-AGCGC-3′; MRE-GG, 5′-GCATTATAACGGTCTTTTA-GCGCCTGG-3′; MRE-TG, 5′-GCATTATAACTGTCTT-TTAGCGCCTGG-3′; MRE-GT, 5′-GCATTATAACGT-TCTTTTAGCGCCTGG-3′; MRE-TT, 5′-GCATTATAA-CTTTCTTTTAGCGCCTGG-3′. The sequence of MRE-mim1A is based on the A-site MRE in the upstream region of the mim-1 gene (54) . The four derived variants with different configurations of Gs in positions 5 and 6 of the MRE consensus sequence (MRE-GG, -TG, -GT and -TT) were labelled to give identical specific activities as described (40) . The latter oligos are longer and also contain a T8C alteration relative to the mim-1 sequence for reasons explained in (40) . For redox studies, recombinant proteins were treated with azodicarboxylic acid bis(dimethylamide), abbreviated as diamide, as previously described (50) .
Transactivation studies in yeast with Myb-VP16 fusion proteins
The MRE-lacZ reporter plasmids (pGL670 3×MRE) are described elsewhere (39) . The effector plasmids were derived from the plasmid pDBD 11 (55) , a yeast centromeric plasmid designed to express DBDs fused with the herpes simplex virus VP16 transactivation domain under the control of the yeast GAL1 promoter. Into this vector were cloned inserts encoding the NR 123 region from A-, B-or c-Myb. The yeast strain INVSc1 (Invitrogen) was transformed with different combinations of effector and reporter plasmids, using a high efficiency transformation protocol (56) . Induced β-galactosidase (β-Gal) was measured as β-Gal units assayed with o-nitrophenyl-β-Dgalactopyranoside (ONPG) as substrate (57) .
Western blot
The yeast strain INVSc1 (Invitrogen) transformed with Myb expression plasmids and the 3×GG MRE reporter was grown in selective galactose media. Equal amounts of cells were lysed with glass beads and 5% trichloroacetic acid, run on a 15% SDS-polyacrylamide gel and blotted onto polyvinylidene difluoride membranes as previously described (58) . NR 123 VP16 fusion proteins were detected by the murine monoclonal anti-VP16 antibody 2GV4 (59) and horseradish peroxidase-conjugated donkey anti-mouse antibody as previously described (58) . Horseradish peroxidase activity was detected by ECL + , as described by the manufacturer (Amersham Pharmacia Biotech).
Phosphorylation of Myb proteins
Purified recombinant NR 123 and R 2 R 3 domains of A-, B-and c-Myb (100 pmol each) were phosphorylated with 4.6 U of bovine heart PKA catalytic subunit (Roche) and 0.25 µl [γ-32 P]ATP (1.6 pmol, 2.5 µCi) in 10 mM MgAc in a final volume of 12 µl for 15 min at 30°C. Then 4 nmol cold ATP was added and the phosphorylation reactions placed on ice. 3× SDS sample buffer was added and the reactions were run out on a 15% SDS-polyacrylamide gel. The gel was autoradiographed for 2-10 min, and subsequently stained by Coomassie brilliant blue.
Phosphorylation by CK2 was performed by treatment of 1.5 µg Myb protein (71-73 pmol) with 96 ng CK2 in a buffer containing 0.1 mM ATP, 30 µCi [γ-32 P]ATP, 50 mM Tris-HCl pH 7.5, 12 mM MgCl 2 and 100 mM NaCl in a total volume of 30 µl. The samples were incubated at 30°C for 30 min. The reaction was stopped by the addition of 25 mM EDTA. Aliquots of 10 µl of each sample were analysed on a 15% SDS-polyacrylamide gel and the phosphorylation was detected by autoradiography.
RESULTS
Quantitative analysis of the DNA-binding properties of A-, B-and c-Myb
To address whether the three vertebrate members of the Myb family differ in their DNA-binding properties, we selected one common binding sequence (MRE-mim1A) and asked whether A-, B-and c-Myb bound the MRE probe with similar affinities and kinetics. We expressed the soluble N-terminal regions spanning the DBD of the three proteins in E.coli and purified them to near homogeneity. In a simple DNA-binding assay, without any competitor present, the NR 123 -domains of all three Myb proteins bound the MRE oligo with similar affinities (Fig. 2) . Quantitative analysis of the data suggested dissociation constants in the range 0.2-0.5 nM. However, a clear difference in DNA-binding properties between the Myb family members was evident when specific or non-specific competitor oligo was added. B-Myb was slightly more affected by addition of increasing amounts of the non-specific competitor poly(dI-dC) than A-and c-Myb, suggesting a lower specific DNA-binding constant relative to the others (results not shown). The rate of dissociation from preformed protein-DNA complexes was evaluated by 'decay-EMSA'. A large excess of specific competitor oligo was added to preformed Myb-DNA complexes and the time course of complex dissociation was monitored (Fig. 3A) . The B-Myb DNA dissociation rate (lanes 6-10) was much higher than for c-Myb (lanes 11-15) or for A-Myb (lanes 1-5). While the half-lives for the A-and c-Myb complexes were ∼30 min under the experimental conditions used, the B-Myb-DNA complex was fully dissociated within 10 min of competition.
Evidence suggests that c-Myb-DNA complex formation proceeds by a two-step kinetic process (29) . The first association step is rapid, leading to formation of an unstable protein-DNA complex, probably associated mainly through non-specific contacts to the phosphate backbone. After several minutes [rate constant estimated to 0.004 s -1 (29) ], a more stable complex appears, presumably after a structural reorganisation where specific contacts to the bases are established. To study whether this slow formation of stable complexes was similar for all three Myb proteins, we used the following approach to follow the time course of stable complex formation. A protein-DNA complex was allowed to form in the presence of poly(dI-dC) to select for specific complexes. The binding reaction was quenched at different time points by addition of a large excess of unlabeled specific competitor followed by a brief incubation before loading on a running EMSA gel (Fig. 3B) . For c-Myb we observed a slow formation of stable complexes exactly as predicted by the kinetic model of Zargarian et al. (29) . Again A-Myb showed the same behaviour as c-Myb. In sharp contrast, B-Myb was unable to form a distinct and specific complex even after 30 min under these conditions. This could be explained by the quenching with cold oligo in this assay, since B-Myb was very sensitive to specific competition (Fig. 3A) . It thus appears that B-Myb manifests features of specific DNA binding that are clearly distinct from those of A-and c-Myb. BMyb DNA binding is characterised by low stability complexes that rapidly dissociate under competitive conditions.
In order to verify that this difference also operates in vivo, we used a yeast effector-reporter system designed to give a transcriptional read-out of DNA binding in vivo (39) . This system allowed the conditional expression of either A-, B-or c-Myb DBDs fused to the strong VP16 transactivation domain. DNA binding in vivo was measured as induced β-Gal activity. A-and c-Myb bound very well to DNA as evidenced from their high and similar transactivation values (Fig. 4A) . B-Myb, on the other hand, bound significantly weaker giving a reporter value only ∼20% of the two others. This in vivo analysis confirmed the weaker DNA binding of B-Myb relative to the two other Myb proteins. A western blot showed that all three Myb proteins were expressed at similar levels in the yeast cultures (Fig. 4B) . The low transactivation obtained with B-Myb was not due to insufficient B-Myb levels since in fact B-Myb was expressed at a slightly higher level than the A-and c-Myb fusion proteins.
MRE sequence preferences of A-, B-and c-Myb, in vitro and in vivo assays
We have shown in a previous analysis of DNA binding of c-Myb that the MRE is functionally bipartite. The first half-site, YAAC, was absolutely required for DNA binding, whereas the second half-site, NGHH, could adopt a range of sequences mainly affecting the half-life of the protein-DNA complex in vitro (40) . The adaptable sequence requirement in the second half-site is presumably caused by the flexible structure of the second repeat R 2 , and was particularly striking when analysed with respect to configuration of Gs in positions 5 and 6 of the binding site (39, 58) . We performed similar experiments to investigate whether A-and B-Myb showed the same adaptive behaviour towards second half-site variants. The effect of base variations in positions 5 and 6 of the MRE was studied in vitro and in vivo.
In EMSA analysis, increasing amounts of the three different proteins were added to a fixed amount of the oligonucleotides MRE-GG, MRE-TG, MRE-GT and MRE-TT (Fig. 5A) . Again A-and c-Myb showed very similar properties, binding most efficiently to the MRE-GG followed by MRE-TG and MRE-GT and with very weak binding to MRE-TT. The MRE-GG was also efficiently bound by B-Myb in the absence of competitor as already observed (Fig. 2A) . However, the two single-G variants, MRE-GT and MRE-TG, were recognised by B-Myb with lower binding affinities than they were by A-and c-Myb.
Studies in the yeast transactivation system (described above) to assay for DNA binding in vivo supported and complemented the results from the in vitro assay. Myb-dependent transactivation was measured using the three different Myb proteins and the four binding site variants (Fig. 5B) . A-and c-Myb showed again almost indistinguishable activation profiles: efficient activation from the MRE-GG site, moderate activation from the MRE-GT and MRE-TG sites and no activation from the MRE-TT site. B-Myb showed overall weaker transactivation, causing a moderate level of activation with the MRE-GG site (as already discussed), but apparently unable to interact with sufficient strength with the single-G variants in a competitive in vivo situation to give transactivation above background level.
We conclude from these DNA-binding studies that A-and c-Myb are almost indistinguishable regarding both quantitative and qualitative aspects of DNA binding. B-Myb, on the other hand, interacts differently with MRE sequences and forms complexes of reduced stability compared to the other two Myb proteins. B-Myb also appears to have a lower tolerance to second half-site variations, since B-Myb-DNA complexes formed with single-G variants were too weak or unstable to be productive in vivo.
A possible explanation for the comparatively weak DNA binding of B-Myb could be that this protein has a more extended DBD than the others, and requires a region C-terminal to the truncation point for full activity, similar to what is the case for the yeast Myb-related protein Bas1p (60) . However, when a B-Myb construct encoding a 44 residues larger protein (B-Myb[1-231]) was analysed in the yeast system, no significant increase in reporter activation was observed compared to the B-Myb[1-187] analysed above (results not shown). We therefore conclude that the B-Myb DBD interacts with consensus MREs less avidly than the DBDs of A-and c-Myb.
Competion between c-and B-Myb for a common binding site
A-and c-Myb proteins have restricted tissue-specific expression patterns. B-Myb on the other hand is ubiquitously expressed. Hence, cells that express A-or c-Myb also express B-Myb, and competition for common binding sites would be expected to occur. We therefore analysed how efficiently c-and B-Myb competed for the same MRE. In this EMSA the input of the two proteins (of unequal size to allow the complexes to be resolved) were adjusted to give similar complex intensities under conditions of MRE-probe excess. Then the DNA input was lowered to see which of the two proteins were preferentially bound under conditions of limiting DNA concentration. In both experiments shown (two combinations of small and large versions of DBDs), the results were the same. As expected from the less stable binding of B-Myb relative to c-Myb, c-Myb was preferentially bound to the MRE-GG oligo under limiting concentrations of DNA (Fig. 6 ).
Phosphorylation studies
Myb-family DBDs seem to have functions beyond sequencespecific DNA binding. The DBD of c-Myb has previously been shown to be a target for several types of posttranslational modifications, in particular phosphorylation and redox-related cysteine modification (47, 48, 50, 51, 61) . The DBDs of A-and B-Myb are less studied in this respect. Since such modifications could have a regulatory role, we asked whether the three Myb proteins were similar as substrates for modifications or whether they had evolved differently and become distinct targets.
It has been reported that c-Myb could be a substrate for PKA (61) and the S116 residue in the second repeat was mapped as a critical PKA site in the DBD of chicken c-Myb KQWT). For A-Myb the very low efficiency of phosphorylation was a surprise since the amino acid sequence of the consensus phosphorylation site is identical between c-and AMyb. Inspection of the sequence context of the putative PKA site in A-Myb (KRWS 111 L corresponding to KRWS 116 V in cMyb), suggests that the failure of A-Myb to become similarly phosphorylated could be due to differences in the +1 residue (L versus V) since this position is known to influence substrate activity (62) . However, we cannot exclude the possibility that the difference is due to unequal accessibility of the site caused by differences in local conformation of the two proteins.
In the N-terminal part of c-Myb there is a double site for protein kinase CK2 (S11 + S12 followed by an acidic stretch). Phosphorylation of this site has been shown to inhibit sequence-specific DNA binding of c-Myb (47, 48, 63) . The sequence around the S11 site in c-Myb is conserved in A-Myb (a single S followed by an acidic stretch), but not in B-Myb, where a cysteine is located just upstream of the acidic stretch (Fig. 1) . However, a putative B-Myb-specific CK2 site is found close by, in residue T18 in the sequence T 18 DSDV (Fig. 1) . Hence we expected A-Myb to be phosphorylated by CK2 similarly to c-Myb, while it was less clear whether B-Myb would be a substrate for CK2. When incubating A-, B-and c-Myb with CK2 in vitro, all the three proteins became phosphorylated (Fig. 8A) . The lack of phosphorylation of a c-Myb S11D/S12D mutant indicates that for c-Myb there are no additional CK2 sites. A-and B-Myb were readily phosphorylated, probably at the sites proposed (Fig. 1) , although these sites were not further mapped.
The mechanism of the inhibitory effect of CK2 phosphorylation on c-Myb DNA binding is not known. It could be a direct charge effect, an induced conformational change in the DBD or an effect that depends on intramolecular interactions in fulllength c-Myb or on intermolecular interactions with other proteins. To study in vitro the effect of CK2 phosphorylation of an isolated c-Myb DBD, we compared DNA binding of wild-type c-Myb, CK2-phosphorylated c-Myb and a phosphate-mimicking mutant version where the two serines were replaced by two aspartates (S11D/S12D mutant). No difference in DNA binding between these forms could be detected in an EMSA (results not shown). We also tried to separate phosphorylated from non-phosphorylated c-Myb on an ion-exchange column to ensure analysis of a quantitatively modified protein, but again no difference in affinity for a MRE-GG probe was discernible in an EMSA with variable protein input (Fig. 8B) . The level of phosphorylation in the CK2 treated fraction was estimated to be 70%. This suggests that the previously reported impaired DNA binding caused by phosphorylation of serines 11 or 12 is probably not a local effect involving only the DBD, but must imply a more complex mechanism involving intra-or intermolecular interactions.
Regulation studies by redox treatment
The DNA-binding activity of c-Myb R 2 R 3 has previously been shown to be sensitive to the redox state of the protein (50,64), a feature conserved in Myb proteins from yeast to humans (49) . This property is caused by a redox-sensitive cysteine (C130) in the recognition helix of R 2 of c-Myb. The C130 residue has been proposed to function as a molecular redox sensor turning specific DNA binding on or off by controlling a DNA-induced conformational change in R 2 (27) . Since all three Myb proteins studied in this work contain a cysteine located at the same position in R 2 ( Fig. 1) , we asked whether all three DBDs would behave in the same manner when exposed to conditions of oxidative stress. In all three proteins there is an additional cysteine in R 1 , located in a position corresponding to the one in R 2 (Fig. 1) . A-Myb contains only these two cysteines, but c-Myb contains a third cysteine in the N-terminal region, while B-Myb contains four more cysteines distributed throughout the DBD. We therefore expected B-Myb DBD to be more sensitive to oxidation than c-and A-Myb DBDs. This was indeed the case. When all three proteins were exposed to increasing amounts of the cysteinespecific oxidation agent diamide, we observed a general impairment of DNA binding (Fig. 9) . A-and c-Myb showed similar sensitivity towards the oxidative reagent and gradually lost activity in the concentration range tested (lanes 1-5 and 11-15). B-Myb turned out to be highly sensitive (lanes 6-10). DNA binding of B-Myb was totally abolished by addition of only 30 µM diamide. We conclude that with respect to redox sensitivity, the DBDs of A-and c-Myb are similar, ion exchange column using a 150-1500 mM NaCl gradient. Equal amounts of non-phosphorylated NR 123 domain of c-Myb and protein from the peak fraction corresponding to phosphorylated c-Myb were analysed by EMSA (as described in Materials and Methods). The degree of phosphorylation in the purified fraction was determined as described (75) and estimated to be 70%.
whereas the B-Myb DBD is exceptionally sensitive to oxidative inactivation.
DISCUSSION
In the present work we have compared the DBDs of three vertebrate members of the Myb family of transcription factors with respect to DNA binding and posttranslational modifications. The domains in all three proteins have remained very similar during evolution. In the minimal DBDs (R 2 R 3 ) responsible for sequence-specific DNA binding A-and c-Myb are 96% identical, while they show 83 and 85% identity when compared individually to B-Myb. When the enlarged DBDs (NR 123 as analysed in the present work) are compared, these figures fall to 77% identity between A-and c-Myb and to 65 and 70% identity when B-Myb is compared to A-and c-Myb, respectively. Because of this high level of conservation between the Myb-family members, these domains have been assumed to have closely similar functions. While this is certainly correct with respect to the main function in sequence recognition, our data show that the small differences that remain between the DBDs of A-, B-and c-Myb lead to distinct functional differences and thus cannot be regarded as results of silent divergence.
When DNA-binding properties were carefully analysed, no significant difference was observed between the DBDs of Aand c-Myb, consistent with their very close sequence similarity. The DBD of B-Myb, however, had properties that set it apart from the other two. Both in vitro and in vivo experiments supported that B-Myb forms DNA complexes of lower stability, with rapid dissociation under competitive conditions, and less tolerance to binding site variations than the A-and c-Myb cousins. Even after extended incubations with the best MRE probe we did not obtain complexes with B-Myb that were comparable in stability with A-and c-Myb. This weak binding also explains why it has been difficult to generate clear footprints in DNase I protection analysis of B-Myb DNA binding (J.Borrebaek and O.S.Gabrielsen, unpublished results). It might seem peculiar that we observe no difference between A-, B-and c-Myb in a direct EMSA without competition (Fig. 2) , while a marked difference appears for B-Myb upon competition (Fig. 3A) . This is probably due to the two-step mechanism of DNA binding found for c-Myb (29) . In the first case, we expect the direct EMSA to monitor mainly the rapid first step association, while the competitive EMSA will reveal whether the complex has undergone the subsequent slower maturation to a more stable form. If this interpretation is correct, it means that B-Myb is either unable to perform this second step on the MRE variants used or that this docking step is extremely slow (requiring hours to complete). In a study where the DBDs of c-and B-Myb were swapped, the large difference in activity between the two factors was assigned to the transcriptional activation domain (TAD) since the chimerical proteins had activities most close to the Myb protein from which their TAD was derived (65) . In addition, this study revealed that c-Myb lost activity after having its DBD replaced with that of B-Myb. Similarly, B-Myb slightly gained activity after having its DBD replaced with that of c-Myb. The latter observations fit with the present conclusions of differences in DNA-binding avidity between cand B-Myb.
What would be a plausible biological explanation for the weak DNA binding of B-Myb? It seems to be important for the cell to carefully regulate the activity of B-Myb. During the cell cycle B-Myb expression is controlled by an E2F-mediated repression mechanism and B-Myb activity is regulated by cyclins: enhancement by cyclin A/Cdk2 and repression by the binding of cyclin D1 (11, 12, 15) . In addition, the DNA-binding activity of B-Myb is negatively regulated by an intramolecular mechanism in Xenopus oocytes (66) . Consistent with the idea of the tight B-Myb regulation, elevated B-Myb levels have been associated with several forms of cancer (67, 68) . It is possible that the weak DNA binding fits into the picture of a factor whose level and activity must be carefully controlled. B-Myb may be strictly dependent on the synergistic cooperation with other transcription factors to be able to activate target gene promoters. It is also possible that some intramolecular mechanism exists that upon certain signals induces a conformational change in B-Myb that results in a more efficient DBD. On the other hand, we cannot exclude the fact that an optimal recognition sequence for B-Myb has not yet been determined, since most reports have tested B-Myb DNA binding using c-Myb recognition sequences. To our knowledge, no direct selection of B-Myb recognition sequences has been reported. One study reported that B-Myb shows a more distinct preference for the base at position 7 than c-Myb (37) . Others have reported that some sequences are only recognised by B-Myb and not by c-Myb (41), although this was not confirmed in an independent analysis (69) . It is noteworthy that B-Myb has been suggested to have MRE-independent functions and is able to transactivate promoters that do not contain Myb binding sites (65, (70) (71) (72) . Others have shown that activation by B-Myb is dependent on the presence of Myb binding sites (73) . In one report, the heat shock element (HSE) was shown to be specifically activated by B-Myb but not c-Myb (74) . All these results taken together show that the transactivation activity of B-and c-Myb act differently in different promoter contexts and that the DNA-binding properties of the DBDs could account for some of these differences.
An increasing amount of functional data supports the notion of the c-Myb DBD being a multifunctional domain. We were interested in whether such additional features as being substrates for specific kinases had evolved independently in the three proteins or whether these features are conserved, tightly linked to the DNA-binding capacity. Two kinases, PKA and CK2, have previously been reported to phosphorylate the 5) , B-Myb (lanes 6-10) and c-Myb (lanes [11] [12] [13] [14] [15] were treated with 0, 30, 60, 90 and 120 µM diamide at 25°C for 10 min without a reducing agent present. MRE-mim1A probe (20 fmol) was then added and the samples were incubated at 25°C for 15 min before separation on an EMSA gel (as described in Materials and Methods).
DBD of c-Myb. We showed that only c-Myb was a PKA substrate. This phosphorylation is exclusively on S116 in the conserved R 2 R 3 region (K.B.Andersson, E.Kowenz-Leutz, E.Brendeford, A.H.H.Tygsett, A.Leutz and O.S.Gabrielsen manuscript in preparation). The difference between A-and c-Myb is particularly interesting. Apparently only a subtle difference in sequence between these two proteins was sufficient for c-Myb to become a PKA substrate but not A-Myb. This difference is located in the minimal DBD without having any effect on their DNA-binding properties in the nonphosphorylated state. In this way, one family member has evolved the capacity to be linked to a signalling pathway, while the others remain unaffected.
All three DBDs were phosphorylated by CK2 even though only A-and c-Myb contain the strong CK2 site previously investigated (47, 48, 63) . We did not map the alternative CK2 site in B-Myb, but since none of the three minimal DBDs (R 2 R 3 of A-, B-and c-Myb) were phosphorylated by this kinase (results not shown), the site must be located within R 1 or the N-terminal part. Moreover, since the S11D/S12D mutant of c-Myb was not phosphorylated, it is unlikely that B-Myb is phosphorylated in potential sites that are conserved between the two proteins. We noticed, however, that B-Myb has evolved a distinct putative CK2 site a few residues away from the CK2 site in c-Myb. This site, residue T18 in the sequence T 18 DSDV (Fig. 1) , is conserved between species in B-Myb proteins and is a good candidate for an alternative CK2 site in B-Myb.
Since the mechanism of the inhibitory effect of CK2 phosphorylation of c-Myb in S11 and S12 has remained elusive, we tested the effect on DNA binding of CK2 phosphorylation of recombinant c-Myb DBD. We found no effect, even after efforts to enrich for fully phosphorylated protein. Neither was the S11D/S12D mutant of c-Myb affected in DNA binding as measured by EMSA using the MRE-mim1A binding probe. We thus have to conclude that the reported effects of CK2 (47, 48) cannot be the result of a local effect on the DBD alone or a simple charge effect acting negatively on DNA interaction, but must operate through a mechanism where other regions of the protein play a part.
When the three different DBDs were exposed to the cysteine specific oxidation agent diamide, A-and c-Myb again showed virtually identical behaviour. In contrast, B-Myb demonstrated a much higher sensitivity to this treatment than the other two proteins. Since these redox studies with enlarged DBDs (NR 123 ) uncovered the same effects as the previous reported for c-Myb R 2 R 3 (50), we hypothesise that mainly the second repeat cysteine in A-and c-Myb plays a major role in the redox modification of DNA binding. This is also consistent with a recent careful analysis of cysteine modification in the Myb-related Bas1p, concluding that the particular redox sensitivity of the second repeat cysteine is a highly conserved feature of the Myb family (49) . Moreover, since neither the N-terminal nor the R 1 repeat participate directly in DNA recognition, oxidation of cysteines in these regions should not have a major effect on DNA interaction. The enhanced sensitivity of B-Myb is probably caused by the presence of two additional cysteines in R 3 that are not present is A-or c-Myb.
In summary, our comparative study of A-, B-and c-Myb illustrates that even highly similar DBDs that bind to the same recognition element still can hide differences with respect to quantitative aspects of DNA binding and in functions beyond DNA binding.
